• Background and Aims Tapiscia sinensis (Tapisciaceae) is a functional androdioecious species with both male and hermaphroditic individuals, and fruit ripening overlaps with flowering in the hermaphroditic individuals. Pollen vitality was lower in the hermaphrodites than in the males. Anther development requires nutrients, and carbohydrates are the basic nutrients; abnormal carbohydrate metabolism will result in pollen abortion. The aim of this research was to gain insight into the relationship between carbohydrate metabolism and the weakening of the male function of hermaphroditic flowers in T. sinensis.
INTRODUCTION
Androdioecy is a rare breeding system that consists of male and hermaphroditic individuals in a population. Hermaphroditic individuals can produce fertile pollen grains, and they also have both male and female function (Akimoto et al., 1999) . It has been confirmed that functional androdioecy occurs in <0.005 % of angiosperms (Vernet et al., 2016) , including Mercurialis annua (Pannell, 1997) , Datisca glomerata (Wolf et al., 2001) and Osmanthus fragrans (Duan et al., 2015) . The ESS (evolutionarily stable strategy) model predicts that because males lack a female function and can contribute only pollen to succeeding generations, the evolution of androdioecy requires at least twice as much pollen success in males as in hermaphrodites (Lloyd, 1975; Charlesworth and Charlesworth, 1978; Charlesworth, 1984; Pannell, 2002) . Lloyd (1975) showed that if hermaphrodites can self-fertilize, then the maintenance requirements of males are even more stringent; thus, the males must have much higher reproductive fitness to survive alongside a hermaphroditic population. Morphological androdioecy has been demonstrated, but most instances were functional dioecy, i.e. pollen from morphologically hermaphroditic flowers were sterile (Mayer and Charlesworth, 1991) .
Recently, bagging experiments and paternity analysis were used to confirm the functional androdioecy of Tapiscia sinensis. The length of the inflorescence, the number of flowers and the pollen numbers of each flower in males were significantly higher than those of hermaphroditic individuals, so the male plants of T. sinensis had significant advantages compared with the hermaphrodites. In addition, the hermaphroditic pollen germination rate reached only one-sixth that of the males (Zhou et al., 2016) . After fertilization, the ovaries developed into fruits after 17 months, which resulted in the synchronous growth of flowers and fruits on hermaphroditic individuals from April to June every year (Fig. 1A) (Liu et al., 2008; Lü and Liu, 2010) . During this period, there was a severe reproductive burden on hermaphroditic individuals to develop both fruits and flowers, which gave rise to competition for reproductive resources between flowers and fruits. Therefore, we hypothesized that to ensure the development of fruits, the reproductive resources in hermaphroditic flowers would have a trade-off between the male and female function. For ensure reproduction, the resource allocation would favour the female function to ensure the maintenance of the functional androdioecy of T. sinensis.
Carbohydrates are the basic source of energy and have a significant impact on the reproductive development of plants (Rolland et al., 2002) ; they also play a crucial role in in vivo and in vitro pollen development (Pacini, 1996; Clément and Audran, 1999) . In the reproductive stage of Lilium, carbohydrates were transported to floral organs to support the normal development of microspores (Clément and Audran, 1999; Castro and Clément, 2007) . Sugar deficiency can lead to pollen abortion (Oliver et al., 2005; Alfred, 2007) . Perturbation in the sugar metabolism of the anther could impair the development of pollen and eventually lead to male sterility (Dorion et al., 1996; Goetz et al., 2001; Datta et al., 2002) . Carbon Starved Anther (CSA) encodes an MYB transcription factor. In rice, the csa mutant showed a high carbohydrate level in leaves and stems and a low carbohydrate level in late anther development and pollen maturation, with male sterility (Zhang et al., 2010) . In maize, starch biosynthesis is essential for mature pollen, as sterile pollen has few starch granules (Datta et al., 2002) . In addition, sucrose and monosaccharide transporters play an important role in the development of rice and other plants (Takeda et al., 2001; Lim et al., 2006) . Pollen wall development is also very important for pollen fertility. The intine is composed mainly of cellulose and pectin (Schnurr et al., 2006) , and its abnormal development or absence can cause pollen sterility (Persson et al., 2007; Moon et al., 2013) . Arabinogalactan proteins are one of the main components of the intine in arabidopsis. In FLA3 (Fascilin-like arabinogalactan protein 3) RNA interference (RNAi) plants, the synthesis of arabinogalactan appeared to be blocked, which resulted in the inability to form the intine of the pollen of transgenic plants and in the production of non-viable pollen (Li et al., 2010) . In arabidopsis, UDP-sugar pyrophosphorylase (USP) is associated with the biosynthesis of nucleotide sugars, and the products of this process are glycolipids, glycoproteins, the precursors of pectin and hemicellulose. Mutation of USP had no significant effect on the outer wall of pollen development but hindered the synthesis of the inner wall, showing that USP played an important role in the process of pollen development (Schnurr et al., 2006; Ma et al., 2013) .
In addition, we recently used RNA sequencing (RNA-seq) and found that several key branch-point genes involved in starch and sucrose synthesis and metabolism and pollen wall development were expressed significantly differently in the male and the hermaphroditic flowers of T. sinensis (Zhou et al., 2015) .
The objective of this study was to gain insight into the relationship between carbohydrate metabolism and the weakening of the male function of hermaphroditic flowers in T. sinensis. We observed the structure of the anther and expression profiles of genes related to sugar transport and metabolism in anther development to explore why the male function of the hermaphroditic flowers in T. sinensis weakens, and to provide experimental evidence for maintenance of androdioecy in T. sinensis.
MATERIALS AND METHODS

Plant material and sampling
Tapiscia sinensis, an endangered woody tree, is an androdioecious species. It is widely distributed in China and is listed as the third-ranking protected plant in China. Inflorescences of males and hermaphrodites were collected separately every 3 d at Northwest University, Shanxi, China (34°15'N, 108°55'E, 400 m a.s.l.) from mid-April to June 2015. For the anatomical observation, the experimental materials were treated with 2.5 % glutaraldehyde solution. The materials for the RNA extraction and measurement of sugar content were frozen immediately in liquid nitrogen and stored at −80 °C. We used the paraffin section method to estimate the anther developmental stage on different anthesis days. Then, we chose flowers in which the anther was at the microspore mother cell (MMC) stage, vacuolate microspore (VM) stage and binucleate (BN) stage for the follow-up experiments.
Histochemical staining
We used the modified Alexander staining method (Peterson et al., 2010) to detect pollen viability. Pollen grains that were viable were stained magenta-red, and pollen grains that were not viable were stained blue-green. The anthers of mature flowers were collected to detect the pollen viability. Pollen grains were stained with 50 μL of Alexander's solution for 10-20 min in the dark and then were observed and photographed using a Nikon Eclipse 50i that was equipped with a video camera (Nikon, DS-Fi1; Tokyo, Japan).
The flowers were fixed in 2.5 % glutaraldehyde at 4 °C for 4 h and were rinsed three times in 0.1 mol L -1 phosphate buffer (pH 7.0). Samples were fixed overnight at 4 °C in 1 % osmium tetroxide, then rinsed three times in 0.1 mol L -1 phosphate buffer (pH 7.0). The flowers were dehydrated in a graded ethanol series (30, 50, 70, 85 and 90 % once each, then twice in 100 %), and then in 1,2-epoxypropane, and were finally embedded in Epon 812. Serial sections that were 2 μm thick and 0.09 μm thick were cut using a Reichert-Jung ultramicrotome and Leica EM UC6 ultramicrotome, and were observed under a Nikon Eclipse 50i and H-600 transmission electron microscope, respectively.
Periodic acid-Schiff (PAS) reactions were used to observe the changes of the polysaccharides during the process of anther development. Cross-sections were stained by the PAS method (Hu and Xu, 1990) . The sections were immersed in 0.5 % periodate for 5-10 min and rinsed three times in distilled water, then stained by Schiff reagent for 30-40 min in the dark. The sections were rinsed in potassium metabisulphite buffer three times, each time for 3-5 min, then rinsed three times in distilled water and observed using the Nikon Eclipse 50i.
Sugar measurements
The extraction method was performed as described by Dorion et al. (1996) . A 10 mg aliquot (fresh weight) of anthers was ground to powder with liquid nitrogen in 1.5 mL centrifuge tubes, homogenized with 500 μL of 80 % ethanol (v/v) and centrifuged for 10 min at 12 000 g. The extraction was repeated three times. Anther residue (starch) in the bottom of the centrifuge tubes was hydrolysed by 30 % (v/v) perchloric acid overnight at room temperature and then at 80 °C for 10 min, with the extraction repeated three times. The anthrone method was used for measurements of the total soluble sugars and starch content (Yemm and Willis, 1954) . The sucrose content was measured by the resorcinol method (Wang et al., 2002) . The detection of sugar content was performed three times.
RNA isolation and quantitative RT-PCR
Total RNA was extracted from T. sinensis whole flowers at the MMC, VM and BN stages with an RNAprep Pure Plant Kit (Tiangen, Beijing, China) based on the manufacturer's protocol. RNA concentrations were measured by a BioPhotometer, and an agarose gel was run to check the quality of the RNA. Reverse transcription was performed using a PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). Based on the transcriptome information for T. sinensis (Zhou et al., 2015) , we chose several unigenes related to sugar metabolism and sugar transport that were differentially expressed between male and hermaphroditic individuals. The gene-specific primers were designed using Premier 5.0 and are listed in Supplementary Data Table S1 .
For quantitative real-time PCR analysis, we used SYBR ® Premix Ex Taq™ (Tli RNaseH Plus) with a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.). The PCR analysis was performed in 25 μL reactions using the method described in the manufacturer's protocol. β-Actin was used as an internal control to normalize all the data, and the relative gene expression levels were calculated using the 2 -ΔΔCt method of Livak and Schmittgen (2001) .
The data are expressed as means of three replicates with the s.e., and analysed with SPSS 18.0 software (SPSS Inc., 2009). Least significant differences were calculated to compare significant effects at the 5 % level.
In situ hybridization
Samples were fixed in FAA (3.7 % formaldehyde, 5 % acetic acid, 50 % ethanol) for 2 h. They were dehydrated through an ethanol series, continued with 75:25, 50:50, 25:75 ethanol/ Histoclear, 100% Histoclear, and embedded in Paraplast High Melt (Leica Germany). Tissue was sectioned to 8 μm and floated into Superfrost-Plus-treated microscope slides using double-distilled water. RNA in situ hybridization on flowers was performed based on the protocol provided by the DIG RNA Labelling Kit (Roche, Mannheim, Germany) and the DIG Nucleic Acid Detection Kit (Roche). cDNA fragments of 176 bp of Cell wall invertase 2 (CWI2) and 219 bp of Sucrose transporter 2 (ST2) were amplified using CWI2-and ST2-specific primers. The PCR product was confirmed by sequencing. The pSPT18 vector was digested by SalI or HindIII and then transcribed with SP6 or T7 RNA polymerases. Images were obtained using the Nikon Eclipse 50i. The primers are listed in Supplementary Data Table S1 .
RESULTS
Pollen viability examination
There were 11 individuals of T. sinensis with four male individuals and seven hermaphroditic individuals at Northwestern University. The length of male inflorescences (17.59 cm) was approximately three times longer than the hermaphroditic average (5.94 cm) (Fig. 1D ). There were approx. 3794 flowers and 474 flowers in each male and hermaphroditic inflorescence, respectively. A pollen viability examination was performed, and we observed that most of the pollen grains of male flowers were stained magenta-red and were full of contents (Fig. 1B) . A large proportion of the hermaphroditic pollen grains could not be stained by Alexander's solution (Fig. 1E) . Moreover, most of the hermaphroditic pollen grains were empty and shrunken, with little accumulation of storage materials. Numerical results showed that the pollen vitality of the male flowers was 98.67 %. There were 19.01 % hermaphroditic pollen grains with less cytoplasm (Fig. 1E) . Additionally, we observed that the pollen grains of male flowers were prolate (Fig. 1C) , whereas the hermaphroditic pollen grains were globular and were often ruptured and shrunken (Fig. 1F) .
Cytological observation and polysaccharides in anther development
Cross-sections were stained by PAS reaction to explore the changes of polysaccharides during the process of anther development. We found that the male gametophytes of male flowers were normally developed with a regular shape ( Fig. 2A-C , G-I). In contrast, male gametophytes and the tapetum cells of hermaphroditic flowers were abnormal (Fig. 2D-F, J-L) . At the MMC stage, the tapetum cells of the hermaphroditic anthers were hypertrophic, vacuolar and extended into the locule (Fig. 2D) ; male gametophytes of hermaphroditic flowers were also normally developed and full of cytoplasm. Moreover, at the VM stage, the polysaccharides in hermaphroditic microspores disappeared, cytoplasmic agglutination occurred, the exines of some microspores were defective (Fig. 2J ) and polysaccharides appeared to accumulate in the connective tissue (Fig. 2J) . With further development, the accumulation of polysaccharides reached a peak but hardly transferred into locules to support the development of pollen grains. Around the BN stage (Fig. 2K) , the polysaccharides of the connective tissue gradually decreased until they disappeared completely, and there were only a few pollen grains with reduced cytoplasm. At the mature pollen (MP) stage, the hermaphroditic pollen grains were completely empty (Fig. 2L) , and the male pollen grains were full of cytoplasm and fertile (Fig. 2I) . This difference indicated that the carbohydrate supply was insufficient for the development of the hermaphroditic microspores.
The ultrastructure of pollen grains and expression of intine-associated genes
The ultrastructure of male and hermaphroditic pollen grains was observed by transmission electron microscopy (TEM). At the tetrad stage of male flowers, tetrads were formed by meiosis of pollen mother cells (Fig. 3A) and were covered by the callose wall. The cytoplasm of each microspore was full of storage materials with starch granules, and little difference was observed in the development of hermaphroditic pollen grains (Fig. 3E) . At the young microspore stage, there were apparent differences between the male pollen grains and the hermaphroditic pollen grains. The pollen wall of the male flowers began to emerge. There was no exine at the germinal aperture, and the intine of the pollen grains had not formed. The cytoplasm of the pollen grains contained starch granules (Fig. 3B) . In the hermaphroditic pollen, the development of the exine and intine of the microspores was similar to that of the male pollen with starch granules; while the cytoplasm of most microspores appeared shrunken, the contents were degenerated and showed chromatic agglutination. The nuclear envelope was blurred, and there were visible defects on the germinal aperture (Fig. 3F) . At the VM stage of male flowers, the exine developed completely, and the intine formed gradually and was obviously thickened on the germinal aperture. The starch granules gradually decreased in the cytoplasm (Fig. 3C) . At the BN stage, the exine and intine were completely developed (Fig. 3D) . In contrast, in the hermaphroditic flowers, most of the pollen cytoplasm was degraded, the pollen grains were almost empty and the exine was defective (Fig. 3G) . Although a little of the exine of the pollen was intact, the intine was still missing (Fig. 3H) .
To investigate whether the lack of intine of hermaphroditic pollen grains is associated with the regulation of intine development genes, the expression of genes related to the intine development was validated by qRT-PCR. At the VM stage, the expression of intine synthesis genes FLA and USP was significantly lower in hermaphroditic flowers than in males (Fig. 3I, J) . The result was essentially consistent with the TEM result.
Sugar and starch levels in anthers
Using the PAS reaction, we discovered that hermaphroditic pollen grains lacked starch. Therefore, we further measured the total soluble sugar, sucrose and starch contents at the VM and BN stages of male and hermaphroditic anthers. Compared with the male anthers, the levels of total soluble sugar (Fig. 4A) , sucrose ( Fig. 4B) and starch (Fig. 4C ) in the hermaphroditic anthers decreased at the VM and BN stages, especially in the VM stage, and were significantly lower than in the male anthers.
Carbohydrate metabolism in male and hermaphroditic flowers
To establish the expression of the genes related to sugar metabolism and sugar transport in male and hermaphroditic flowers, qRT-PCR was performed on ten genes, including sugar metabolism genes (Fig. 6 ) and sugar transport genes (Fig. 7) during the three anther development stages. The putative starch-sucrose metabolic pathway is shown in Fig. 5 . We found that the results of the expression of sugar metabolism and sugar transport genes in hermaphroditic flowers were consistent with PAS staining and sugar measurements.
The expression of CWI2 (Fig. 6B) and SPS2 (Fig. 6G ) was significantly less in hermpahroditic flowers at MMC, VM and BN stages compared with male flowers. SS, AGPase, UGPase and SSase play an important role in starch biosynthesis. SS2 (Fig. 6C) , AGPase (Fig. 6E) , UGPase (Fig. 6F) and SSase1 (Fig. 6H) all showed significantly higher expression in hermaphroditic flowers than in male flowers at the VM stage. These significantly upregulated genes might promote ADP glucose synthesis to improve the accumulation of polysaccharides in the connective tissue of hermaphroditic anthers. It is consistent with the results of the PAS staining. Two sugar transport genes, the sucrose transporter gene (ST2) (Fig. 7A ) and the monosaccharide transporter gene (MT) (Fig. 7B) , were expressed at high levels at the VM and BN stages in hermaphrodites. This may indicate that sugar transporters transfer accumulated carbohydrate in the connective tissue to other floral organs, leading to reduced allocation of resource to flowers.
Expression pattern of CWI2 and ST2 in anthers
RNA in situ hybridization was performed on crosssections of T. sinensis anthers. The expression pattern of CWI2 (Fig. 8A-F) and ST2 (Fig. 8G-L) was detectable in the tapetum and the microspores. At the YM and VM stages of the male flowers, CWI2 was strongly expressed in the tapetum and the microspores (Fig. 8A, B) ; at the MP stage, CWI2 was also abundantly expressed in the male pollen grains (Fig. 8C) . CWI2 was also expressed in the tapetum and the microspores of hermaphroditic flowers (Fig. 8D,  E ), but the expression was detected at a lower level than in the tapetum and the microspores of the males. In addition, at the MP stage, there was almost no expression in the pollen grains (Fig. 8F) . The result was consistent with the qRT-PCR. There was low expression of CWI2 in hermaphroditic pollen and tapetum. At the YM and VM stages, ST2 was expressed in the tapetum and the microspores, and there were no significant differences between the male and the hermaphroditic flowers. However, at the MP stage, ST2 was poorly expressed in the male microspores (Fig. 8I) and there was no expression in the hermaphroditic microspores but more expression in the connective tissue (Fig. 8L) . The high expression of ST2 in the hermaphroditic connective tissue is conducive to the transfer of the accumulated polysaccharides and reduction of the investment of resources in hermaphroditic pollen to ensure the normal development of the female function and fruits. . There were no obvious differences between the pollen grains of males and hermaphrodites from the MMC to YM stage. A significant difference was observed at the VM stage, as polysaccharides accumulated in the hermaphroditic connective tissue but barely transferred into the locules to support the development of pollen grains. At the MP stage, the hermaphroditic pollen grains were completely empty, and eventually the fertility of the pollen grains decreased at the MP stage. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; BM, binucleate microspores; P, polysaccharides. and starch (C) in the anthers of male flowers and hermaphrodites. Significant differences are indicated by *P < 0.05 and **P < 0.01. Three biological replicates were performed.
DISCUSSION
Synchronous growth of flowers and fruits and androdioecy maintenance
Three-quarters of flowering plant species have hermaphroditic flowers (Campbell et al., 2000) ; thus, there must be a tradeoff between the allocation of resources to the male and the female function in the hermaphroditic flowers (Charlesworth and Charlesworth, 1981) . Tapiscia sinensis has been confirmed to be functionally androdioecious, and paternity analysis showed that the hermaphroditic flowers were self-compatible (Zhou et al., 2016) . The synchronous growth of flowers and fruits in the hermaphroditic individuals of T. sinensis in the annual 4-6 month period (Fig. 1A ) results in resource competition between hermaphroditic flowers and young fruits during the reproductive stage (Zhou et al., 2016) . Darwin (1859) proposed that one reproductive function could be compensated for by reducing the investment in the other sexual function, and the resource allocation from the male to the female function in hermaphrodites is simultaneous (Charnov, 1982) . The theory of the ESS of sex allocation (Charlesworth and Charlesworth, 1981; Charnov, 1982; Lloyd, 1984) states that male and female fertilities depend on the proportion of resources invested in the male function. We hypothesized that the resource allocation of hermaphroditic flowers was biased towards the female function, rather than the male function, for the maintenance of the functionally androdioecious plant, T. sinensis. Watson and Casper (1984) proposed an integrated physiological unit (IPU), and they identified that these units function together in morphologically identifiable subunits with relatively autonomous structures for the assimilation, utilization and partitioning of carbon. Ma (2013) showed, by picking the young fruits of hermaphroditic plants of T. sinensis and selecting 90 IPUs, that the fresh weight of the stamens significantly increased. This finding suggested resource competition between young fruits and hermaphroditic flowers. We measured the total soluble sugar, sucrose and starch contents of the hermaphroditic anthers and found that the contents were significantly lower than those in males. In addition, compared with male flowers, there were significant differences in the development of the hermaphroditic anthers and sugar metabolism and transport. We proposed that in T. sinensis the hermaphroditic flowers might regulate the genes that were related to sugar metabolism and transport to induce resource allocation that was biased towards the female function. If the sex allocation of the hermaphroditic flowers was in favour of females, then the fitness of the male plants maintained in a hermaphroditic population would be reduced. This hypothesis has been proven for Mercurialis annua, an androdioecious plant (Pannell, 1997) . Our results suggest that the reduction of the available resources for the male function in hermaphroditic flowers leads to a decline of the male function in hermaphroditic T. sinensis in favour of the female function. This makes it easier for males to invade a hermaphroditic population and then form a functional androdioecious breeding system.
Carbohydrate metabolism in T. sinensis anthers
Anther development requires nutrients from source organs (Goetz et al., 2001) . Carbohydrates are the basic nutrients in plants, and an abnormal carbohydrate metabolism will result in pollen abortion (Koch, 1996; Oliver et al., 2005; Rolland et al., 2006; Smeekens et al. 2010 ). An overview of the putative starch-sucrose metabolic pathways in T. sinensis flowers is shown in Fig. 5 . Our studies showed that CWI2 was expressed in the tapetum and the microspores, but the expression levels of CWI2 (Fig. 6B) significantly decreased in the hermaphroditic anthers of T. sinensis compared with those of the males at all three stages. CWI was expressed at low levels, resulting in the depletion of starch in mature pollen grains and pollen abortion (Oliver et al., 2005; Alfred, 2007) . Goetz et al. (2001) were concerned that the antisense expression of the CWI gene Nin88 could disturb anther development, inducing pollen sterility in tomato plants (Solanum lycopersicum L.). In addition, CWI might play an important role in the distribution of soluble sugar in different parts of the anther (Castro and Clément, 2007) . Therefore, we deduced that if the expression of CWI2 was significantly less in hermaphroditic flowers, this might cause a lower sugar level for the development of hermaphroditic microspores. To ensure the normal development of the fruits, a trade-off of resources between fruits and flowers was likely to occur. Sucrose is the primary carbohydrate in most plants and can be converted into glucose, fructose and UDP-glucose by invertase (INV) and sucrose synthase (SS) (Pego and Smeekens, 2000) . SS and UGPase affect the sink strength in anthers (Coleman et al., 2009) . SS2 and UGPase (Fig. 6C, F) were significantly upregulated at the VM stage in the hermaphroditic flowers of T. sinensis, which might lead to the accumulation of polysaccharides in the connective tissue of the hermaphroditic anthers. This result was consistent with the PAS reaction. Starch is as important as sugar, and its absence also affected male fertility (Wen and Chase, 1999) . Zhu et al. (2015) showed that the wheat anther sugar content of the chemical-induced male sterility (CIMS) line was lower than that of the fertile line. Min et al. (2014) proposed that cotton, which is sensitive to high temperature, has a decreased glucose level during anther development. Although SSase1 was highly expressed at the VM stage, it was repressed at the BN stage. We measured the total soluble sugar and starch contents and found that they were significantly lower than in male flowers, and also indicated hermaphroditic microspores with fewer carbohydrates in their development. Furthermore, the sugar transporter genes ST2 (Fig. 7A) and MT (Fig. 7B) were upregulated in hermaphroditic flowers at the three stages, especially at the VM and BN stages. This indicated that a high expression of ST2 might transport accumulated polysaccharides from connective tissue to other floral organs, leading to a reduced investment of resource in hermaphroditic pollen and ensuring the normal development of the female function and fruits. For the above-mentioned reasons, we conclude that hermaphroditic flowers regulate the metabolism and the transport of sugar to reduce the supply of resources to the microspores, which eventually leads to the weakening of the male function in hermaphroditic flowers.
CONCLUSION
At the reproductive stage, the total resources of the hermaphroditic flowers were reduced, most probably by the synchronous growth of flowers and fruits, eventually causing a trade-off of resources between the male and female function of the hermaphroditic flowers. The comparisons of carbohydrate content, gene expression related to carbohydrate metabolism, and carbohydrate transport between male anthers and hermaphroditic anthers show that resource allocation tends to favour the female function in hermaphroditic flowers to ensure reproduction, while the hermaphroditic pollen viability is significantly lower than the male pollen viability. In addition, the length of the inflorescence, the number of flowers and the pollen number of each flower in males were significantly higher than those of hermaphroditic individuals. These factors are beneficial to promote cross-pollination and enhance the adaptability of the offspring. The high reproductive fitness of male individuals is conducive to ensuring population structure stability and maintaining the functional androdioecious breeding system in T. sinensis.
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